ABSTRACT -During prolonged experiments the influence of knee angular velocity, and stimulation parameters (interpulse interval (IPI), duty cycle (DC), number of pulses per cycle (NP» on fatigue-induced torque decline of paralyzed human quadriceps was studied. Identification of torque-angle and -angular velocity was also performed. The overall loss of maximum torque (MT) and torque-time integral (TTl) per cycle during sustained intermittent stimulation during isokinetic movement had a typical exponential decay reaching asymptotic values. Larger knee velocities resulted in a significantly faster and relative larger decay of MT and TTl. The rate and relative magnitude of fatigue during concentric contractions are in direct relation to NP. The results may be valuable in the design of optimal control systems for FES which pursue minimization of muscle fatigue.
INTRODUCTION
A major issue in the control of functional electrical stimulation (FES) of paralysed muscles is the decay of muscle force as a result of fatigue under sus tamed (continuous and intermittent) stimulation [1-3, (2; in press)]. Stimulated paralyzed human quadriceps fatigue under isometric condition can be described by an exponential decay [2, 3] . In this study the torque of intermittently stimulated paralysed human knee extensors during (isokinetic) cyclical lower leg movements has been investigated.
II. METHODS
A.
Subjects
The subjects who participated in this study were complete T5-T6 level spinal cord injured patients. All had normal excitable quadriceps muscle and had been enrolled in the FES training program of the rehabili tation center 't Roessingh (Enschede, The Netherlands).
B. Protocol
A protocol of 7 fatigue trials (FT) was designed to compare overall loss of tetanic torque at the knee joint during sustained intermittent stimulation at different isokinetic velocities. The angle and velocity ranges were limited by the anatomical restrictions of the lower leg, the restnctlOns imposed by the dynamometer bench and the desire to maintain a constant cycle time (2 s.), comparable to a walking cycle. The experimental set-up is shown in fig. 1 
Off-line data analysis
From the active torque, the maximum torque (MT) and torque-time integral per swing (TTl) are calculated.
"Fatigue parameters", describing the decay of the MT and TTl as a function of time (one sample per cycle), were derived by curve-fitting the following equation to the data:
where E is either MT or TTl, t is time, ema x is the maximum achieved in the considered trial, T E is the time constant of decay in e due to fatigue, and Eo is the relative asymptotic value to which e(t) descends.
The first part of the data (approximately 10 samples) which increases to emax has been ignored. Equation (1) is fitted iteratively by minimizing the resulting RMS deviation from the experimental data (see also [2] ). 
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IV. DISCUSSION
The apparent dependence of the quadriceps fatigue curve on the isokinetic knee joint velocity has not been reported before. The dependence might be explained by lower metabolic efficiency (shortage in ATP or high IMP concentrations) of the total muscle or by complete exh�ustion of fast twitch fibers, which are more susceptIble to FES than slow twitch fibers. 
Muscle dynamics.
A typical Gaussian-type dependence of the isometrical· ly generated torque on the angle was found ( fig. 4a ). The measured torque-angular velocity relations supports the Hill equation. The relations alter due to fatigue. The decline in torque output due to fatigue is larger at higher velocities (see also fig. 3c ).
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Concerning stimulation parameters, the results mdicate that, within the boundary conditions for a given task, NP should be minimized to postpone fatigue. This can be accomplished by minimization of DC and/or 1/IPL The results may contribute to the derivation of an optimization criterion, describing muscle fatigue as a function of both joint movement and stimulation parameters. Eng. 12:150�156,
